Cell-type-and cell-state-specific patterns of covalent modifications on DNA and histone tails form global epigenetic profiles that enable spatiotemporal regulation of gene expression. These epigenetic profiles arise from coordinated activities of transcription factors and epigenetic modifiers, which result in cell-type-specific outputs in response to dynamic environmental conditions and signalling pathways. Recent mouse genetic and functional studies have highlighted the physiological significance of global DNA and histone epigenetic modifications in skin. Importantly, specific epigenetic profiles are emerging for adult skin stem cells that are associated with their cell fate plasticity and proper activity in tissue regeneration. We can now begin to draw a more comprehensive picture of how epigenetic modifiers orchestrate their cell-intrinsic role with microenvironmental cues for proper skin development, homeostasis and wound repair. The field is ripe to begin to implement these findings from the laboratory into skin therapies.
| INTRODUC TI ON
Chromatin consists of DNA and histones. The four core histones, H2A, H2B, H3 and H4, each assemble in homodimers that together form an octamer, with 147-bp stretch of DNA wrapped around, making the nucleosome. [1] Histone H1 binds to the linker region of DNA that connects the nucleosomes, packing the chromatin into higher order structures. [2, 3] While stem cells (SCs) proliferate and differentiate, chromatin structures undergo dynamic remodelling to regulate gene expression. [4] [5] [6] [7] [8] [9] During chromatin remodelling, DNA and histones are covalently modified by chromatin-modifying enzymes to create specific epigenetic profiles. These modifications include DNA methylation and N-terminal histone tail modifications such as methylation, acetylation and ubiquitination. [10] DNA methylation takes place at the 5′ end of the CpG dinucleotide of the cytosine ring and is mostly a transcriptional silencing mark. [11, 12] DNA methyltransferases (DNMTs) catalyse this reaction by using S-adenosyl-methionine as a methyl donor. Histone modifications are well-studied processes that regulate compactness of chromatin structures. Histone methylation and acetylation occur at different amino acid positions on the histone tails, specifically on lysine residues, and they determine chromatin compactness. [10] Lysine acetylation correlates with open or active chromatin (euchromatin), whereas the chromatin structural effect of methylation depends on the specific modified lysine residue. For instance, histone acetylation and methylations of H3 at lysine 4 (H3K4) are associated with euchromatin, whereas methylations of H3K9 and H3K27 are found on compact, repressed chromatin (heterochromatin). [13] Chromatin modifications synergistically regulate cell-type-specific transcription programmes, which act during lineage commitment in embryogenesis and in cell fate decision during regeneration.
Skin provides an excellent model system for investigating epigenetic control in embryonic and adult SC regulation and in tissue regeneration. During early embryonic development in mice, epidermal lineages are derived from the ectoderm. Embryonic ectodermal cells generate a single layer of basal keratinocytes on the basement membrane starting in mouse at embryonic day 9.5 (E9.5) and epidermal stratification starts at E14.5. [14, 15] During epidermal differentiation, the basal layer (BL) keratinocytes migrate upwards forming the spinous, granular and cornified differentiated layers ( Figure 1 ). The epidermal SCs are located in the BL where proliferative cells exclusively reside, though their exact identity is still unclear. [16] Hair follicles (HFs) develop from the epidermis, first by the formation of the hair placode at mouse E14.5 and next by progression to form mature
HFs. In adult skin, the hair follicle stem cells (HFSCs) locate in the "bulge" region underneath the sebaceous gland, which releases its fat into the hair canal [17, 18] (Figure 1 ). The bulge HFSCs produce the matrix progenitor cells, which receives signals from the dermal papillae to produce the hair differentiated lineages: inner root sheath and hair shaft ( Figure 1 ). The HF cycles through successive phases of growth (anagen), regression (catagen) and rest (telogen), which are initiated by activation of the HFSCs. [19] An essential function of adult tissue SCs is their activation from quiescence to regenerate injured tissue. Skin punch wound is a widely studied injury model to investigate contribution of different SC populations in skin repair. Wound healing includes several distinct processes, such as inflammation, reepithelialization and dermis reorganization. [20] Several recent studies have highlighted the roles of histone modifiers in re-writing the epigenetic identity during wound-induced re-epithelization.
Recently, our knowledge of the role of DNA and histone modifications in skin biology has considerably expanded. Connections between global alterations on chromatin and tissue SC plasticity, which determine cell fates during normal tissue homeostasis and regeneration, just began to emerge. More is known about the roles of chromatin modifiers and global epigenetic profiles during skin development. In this review, we attempt to provide a comprehensive summary of these recent studies.
| DNA ME THYL ATI ON AND ITS IMPLI C ATI ON S ON EPIDERMAL G ROW TH AND D IFFERENTIATI ON
DNA methylation plays a crucial role in the early commitment of embryonic stem cells (ESCs) to different germ layer cells through regulating gene expression. [21, 22] The major DNMTs in mammals include DNMT1, DNMT3A and DNMT3B that function differentially to maintain old and establish new DNA methylation marks. [23] Specifically, DNMT1 copies methylation marks on the newly replicated DNA through recognizing hemi-methylated template DNA strand. [24, 25] Besides its DNA methylation role, DNMT1 itself also has a transcription repressive role by recruiting histone deacetylases. [26, 27] DNMT3A and DNMT3B act as de novo DNMTs that establish new methylation marks during mouse development. [28, 29] Although both DNMT1 and DNMT3A/B have DNA methylation activity, DNMT3A/B do not compensate in Dnmt1 knockout mice, since Dnmt1 knockout cells lose 95% of DNA methylation. [29] Although DNA methylation was initially thought of as an irreversible process, ten-eleven translocation (TET) proteins were discovered to mediate erasure of DNA methylation, suggesting that DNA methylation is a reversible process. [30] DNMT and TETs proteins interact with other binding partners to perform their function. One of the DNA methylation regulatory protein UHRF1 binds and targets DNMT1
to hemi-methylated DNA, [31] whereas GADD45A/B interacts with DNA demethylase complex to promote DNA demethylation. [32, 33] Dnmt1 expression varies during differentiation depending on the stage of embryonic epidermis stratification and HF development. [34, 35] Dnmt1 is expressed in mouse at E14.5 and increases in the basal cells by E16-E18. [35] In the adult HF, Dnmt1 is expressed in the hair follicle matrix, outer and inner root sheath at anagen and in the hair germ at telogen. [35] In addition, Dnmt1 is upregulated in undifferentiated human epithelial SCs as compared to differentiated cells and is required for suppressing differentiation and maintaining basal cell proliferation. [36] Many promoters of the differentiationassociated genes are hypermethylated and thus suppressed during SC self-renewal. [36] Single-base-pair resolution analysis demonstrated small but reproducible differences in the pattern of DNA methylation in the quiescent and activated HFSCs in mice. [37] These data may suggest that distinct DNA methylation patterns may be required at different stages of HFSCs activity.
Significantly, upon Dnmt1 deletion, mice developed alopecia by 2 months of age. [35] Histopathological characterization showed an abnormal thickening of the epidermis and a wider hair canal.
Importantly, Dnmt1 deletion resulted in reduced matrix cell proliferation during anagen, as well as defects in label-retaining cell (LRC) F I G U R E 1 Schematic view of the skin epidermis and hair follicle. The epidermal stem cells (SCs) are located in the basal layer and differentiate to form spinous, granular and cornified layers. The cornified layer, or stratum corneum consists of dead keratinocytes that perform the barrier function of the epidermis. Hair follicle stem cells (HFSCs) are located in the bulge and generate matrix progenitor cells that differentiate to hair lineages such as inner root sheath and hair shaft. Dermal papilla is the mesenchymal portion of the hair follicle, which sends signals to regulate HFSCs maintenance and HFSC activation after depilation. [35] Moreover, in a human diabetes keratinocyte model, TET2 induction mediated DNA demethylation of the MMP-9 promoter, which resulted in defects in primary keratinocyte proliferation and migration. [38] Although these defects may suggest an implication in wound healing, direct in vivo evidence is needed to draw definitive conclusions.
Although DNA methylation is normally associated with gene repression, a few studies showed its correlation with gene activation. [39] Ablation of Dnmt1 in keratinocytes showed repression of C/EBPα target genes through decreased C/EBPα recruitment upon differentiation. [40] Further, DNMT3A/B was shown to bind to the active enhancers in a H3K36me3-dependent manner during human epidermal SC differentiation. [39] Specifically, DNMT3A interacts with p63 in a TET2-dependent manner to maintain high DNA methylation levels in the enhancer centres, while DNMT3B promotes DNA methylation along the enhancer body. [39] However, DNMT3A/B is dispensable for murine epidermal and HF development and homeostasis. [41] In addition to Dnmts, in vitro human keratinocyte studies of Uhrf1 and Gadd45A/B showed that these genes are required for epidermal differentiation. [42, 43] Collectively, the data so far suggest that DNA methylation is associated with both gene repression and activation and controls proliferation and differentiation in epidermis and HF. The detailed mechanism of action with specific target genes needs further examination, as do potential implications of DNA methylation in skin wound healing.
| HIS TONE ME THYL ATI ON IN S K IN DE VELOPMENT AND HOMEOS TA S IS

| Histone H3K27me3 and the Polycomb group proteins
Polycomb group (PcG) and trithorax group (TrxG) proteins have initially been identified in Drosophila melanogaster as Hox-gene expression regulators and subsequent work showed their essential role in maintaining heritable gene expression patterns. [44, 45] The TrxG group proteins are required for maintaining their target genes active, whereas PcG group proteins maintain gene repression. PcG group proteins form two complexes known as polycomb-repressive complexes (PRCs). PRC1 complex member RING1B catalyses monoubiquitination on H2A (H2AK119ub) and recognizes H3K27me3 marks for gene silencing. [46, 47] PRC1-associated protein CBX4 is required for maintaining human epidermal SCs in a slow-cycling and undifferentiated state. [48] Further studies showed reduced keratinocyte proliferation and increased premature differentiation upon Cbx4 deletion in mouse epidermis at E16.5. [49] Also, Cbx4 regulates epidermal SC fate determination by suppressing non-epidermal lineage genes. [49] Functional studies of mutant Cbx4 showed hyperproliferation and increased senescence in human keratinocytes through increased Cdkn2a/p16 transcripts. [48] Moreover, transplantation of Cbx4-depleted keratinocytes failed to reconstitute the full mouse epithelium, indicating its significance in epidermal SC maintenance. [48] Opposite to canonical PRC1 gene repressive functions through H2AK119ub and H3K27me3, recent study demonstrated its non-canonical role in inducing epidermal progenitor gene expression independent from histone ubiquitination and methylation. Overexpression of catalytic inactive RING1B showed increased loading to its binding sites and induced its target genes. [50] This suggests that PRC1 has distinct canonical and non-canonical functions during embryonic epidermal development and homeostasis.
PRC2 is a well-studied complex, which includes EED, SUZ12 and EZH1/2 and catalyses trimethylation on H3K27. [51, 52] During skin development, it is well known that non-skin lineage and differentiationspecific genes are marked with repressive H3K27me3 in the undifferentiated BL cells. [53, 54] EZH2 methylation of H3K27me3 prevents transcriptional activators such as AP1 from recruiting to these sites, and Ezh2 mouse knockout studies resulted in premature differentiated skin layer in embryos. [53] While basal cells differentiate, Ezh2 expression is lost, which leads to activation of differentiationspecific genes by AP1. [53, 55] Importantly, double knockout of Ezh1/2 manifests a differential effect in inter-follicular epidermis (IFE) and in the HF. [56] Specifically, loss of Ezh1/2 resulted in hyperproliferative IFE, whereas the follicular region showed proliferative arrest.
Similarly, loss of other PRC2 components, Eed and Suz12, showed IFE hyperproliferation and HFs morphogenesis arrests due to proliferation defects and increased apoptosis. [57] In addition, loss of these PRC2 genes showed an ectopic formation of Merkel cells in the epidermis, which are essential for sensory function of the skin by activation of the Merkel cell-specific genes, Isl1 and Sox2. [57] Using ChIP-Seq and microarray analysis, it was found that Ezh1/2 null mice failed to repress cell cycle inhibitor gene locus Ink4a/Arf/ Ink4b. [56] Epidermal loss of another PRC2-associated factor, Jarid2,
showed reduced proliferation of primary keratinocytes and delayed hair cycle initiation. [58] In addition, recent in vitro study on human keratinocytes demonstrated mechanical force and cytoskeleton rearrangement mediated gene regulation through H3K27me3. [59] The PRC2 complex also plays a role during adult epithelial homeostasis. [9, 60] Ezh2 expression diminishes in the BL cells postnatally, which is associated with their decreased proliferation. [53] Further in vitro studies showed that Jmjd3 (H3K27me3 demethylase) activation leads to premature epidermis differentiation, whereas Jmjd3 depletion failed to activate epidermal differentiation genes in human keratinocytes. [60] In the bulge, we found that Ezh2 mRNA is downregulated at catagen, whereas Ezh1 remains expressed. [61] Intriguingly, a small subset of genes acquires H3K27me3 marks at catagen, as demonstrated by our Chip-Seq analysis. [61] This may suggest that Ezh1 and Ezh2 play differential roles during the hair cycle that might not be completely redundant. Resolving these questions will require detailed knockout studies of Ezh1 and Ezh2 in adult skin epithelium. Altogether, these studies suggest that PRC components and H3K27me3 levels may play a significant role in skin SC activation and maintenance.
Recently, our laboratory identified two distinct populations of territorially segregated murine IFE SCs based on their differential proliferation history. [62] It would be interesting to know whether disruption of the H3K27me3 or the PRC complexes, which affect proliferation, may differentially affect distinct epidermal SC populations. Moreover, these two epidermal SC types were spatially associated with microenvironmental factors such as blood vessels; it is known that human epidermal SCs neighbour capillary associate pericytes, which give signals for proliferation. [62, 63] It remains to be established how potential epigenetic differences between these epidermal populations may contribute to their differential crosstalk with the microenvironment or vice versa.
| Other kinds of histone methylation
SUV39H1 and SUV39H2 are two histone methyltransferases (HMTs) that tri-methylate H3K9, which in turn recruits heterochromatin protein-1 (HP1) to form heterochromatin for transcription repression. [64] [65] [66] and show poor survival and growth retardation after E12.5, but the surviving mice appear to have grossly normal skin and HFs. [65] This would suggest that H3K9me3 may be dispensable for skin development and homeostasis, although compensatory mechanisms may mask its true role in the small fraction of surviving mice. Possible role of H3K9me3 in skin has been shown in Labrador Retrievers with nasal parakeratosis, a hereditary skin disease. [67] Keratinocytes with a missense mutation in Suv39h2 were strongly associated with delayed differentiation. [67] The role of H3K9me3 in skin physiology remains somewhat unclear in the absence of a Suv39h1/2 conditional/ inducible knockout model.
Opposing to repressive histone marks, H3K4me3 is well known to be associated with gene activation [55] and is mediated through the SET domain-containing TrxG components. TrxG complex member Mll2, a H3K4 HMT and its binding partner WDR5
are predominantly expressed in the differentiated cells and regulate differentiation-associated gene expression in human skin. [68] Knockdown of Mll2 in human keratinocytes showed downregulation of differentiation-related genes, [68] and deletion of Mll2 showed embryonic lethality. [69] Deletion of another H3K4me3
HMT, Setd1a, also showed embryonic lethality, [70] suggesting that other H3K4 HMTs may have important roles in SC self-renewal, differentiation and lineage commitment in vivo. Furthermore, knockdown of the H3K4 histone demethylase (HDM) Kdm1a demonstrated its role in demethylating epidermal progenitor genes during differentiation. [71] Altogether, functional studies of H3K4 modifying enzymes suggest that H3K4 methylation is critical for keratinocyte-specific gene regulation.
H4K20 mono-methylation is also associated with gene activation and is mediated by SETD8. [55] Setd8 knockout in mouse embryonic and adult epidermis showed reduced proliferation and abnormal differentiation. [72] In addition, Setd8 knockout mice died shortly after birth, while postnatal deletion depleted the long-lived progenitor cells, which led to loss of IFE and sebaceous glands. [72] This suggests that Setd8 is indispensable for murine skin development and homeostasis. It will be interesting in future to examine its role in wound healing.
| HIS TONE ACE T YL ATI ON IN S K IN DE VELOPMENT AND HOMEOS TA S IS
Histone acetylation and deacetylation are catalysed by histone acetyltransferases (HATs) and histone deacetylases (HDACs), respectively. [73] A previous study revealed hypoacetylation of H4 in HFSCs compared to the differentiated compartments. [74] Application of the potent HDAC inhibitor trichostatin-A (TSA) induces HFSC and IFE proliferation, sebaceous gland enlargement and HF bulb region expansion in vivo. [74] In contrast, TSA treatment of the human keratinocytes in vitro blocked terminal differentiation on micro-patterned substrates and in cell culture suspension. [75] In addition, conditional ablation of Hdac1/2 during embryonic epidermal development showed decreased SC proliferation, impaired stratification, absence of HFs and increased apoptosis in the BL. [76] Further, Hdac1/2 deletion during skin morphogenesis and homeostasis demonstrated abnormal epidermal thickness and alopecia. [77] However, epidermal ablation of either Hdac1 or Hdac2 did not affect epidermal development, [78] suggesting these HDACs have redundant and compensatory functions. Similarly, epidermal deletion of HAT inhibitor Nir/Noc2l at E12.5 resulted in a single-layered epidermis without stratification and impaired HF development in embryogenesis. [79] Moreover, in vitro HDAC inhibition in human foreskin organ culture led to abnormal epidermal architecture, proliferation arrest, and premature terminal differentiation. [80] 5-Azacytidine (5AC) and sodium butyrate (NaB) promote histone hyperacetylation, which induced terminal differentiation through increased expression of Sprr1/2 and involucrin in human keratinocytes. [81] These data suggest an important role of acetylation during skin development and homeostasis and open up possible roads for investigating its role during skin injury repair and in diseases.
| HI G HER ORDER CHROMATIN REMODELER S IN S K IN DE VELOPMENT AND HOMEOS TA S IS
Apart from histone modifications, higher order chromatin remodelers have been implicated in skin. Special AT-rich sequence-binding protein 1 (SATB1) acts as a genome organizer and plays an important role in transcriptional regulation. [82] Satb1 deletion in mouse epidermis showed reduced proliferation in keratinocytes leading to thinner epidermis and abnormal granular layer. [82] In addition, various studies have highlighted the role of ATP-dependent chromatin remodelers, which includes chromodomain helicase DNA binding protein (CHD) and SWI/SNF in skin. Mice with epidermal Chd4 deletion die within 24 hours after birth and display abnormal ventral epidermis development with reduced basal cell proliferation and subsequent loss of suprabasal layers. [83] Moreover, conditional deletions of other SWI/SNF subunits ACTL6A/BAF53A promoted terminal differentiation, whereas ectopic expression induced a progenitor cell state. [84] Mutations in the SWI/SNF regulatory subunits BRG1 and BRM demonstrated skin barrier formation defects due to aberrant expression of differentiation-associated genes and loss of bulge-SC compartments over time in adult skin. [85, 86] . Specifically, Brg1 and Satb1 are induced by p63, a master regulator of epidermal development. [82, 87] . Previous studies showed that BRG1 binds to the higher order chromatin structure of the epidermal differentiation complex (EDC) and relocate this region towards nuclear interior for gene activation during morphogenesis, [87] while SATB1 establishes proper chromatin compactness in central EDC region during keratinocyte terminal differentiation. [82] Interestingly, in vivo p63 null studies showed decreased expression of nuclear envelop-associated proteins, which altered repressive histone methylation (H3K9/27me3) patterns in keratinocyte-specific gene loci. [88] Together, these data suggest that p63 reorganize the nuclear environment for proper keratinocyte gene expression programmes during epidermal development. Collectively, these studies revealed the crucial importance of global chromatin remodelling factors during skin development and adult homeostasis.
Another critical aspect of higher chromatin organization during epidermal development and differentiation is EDC interaction with distant regulatory elements such as enhancers and super-enhancers.
Epidermal-specific regulatory enhancer 923 was found to interact with the epidermal gene promoters within EDC for lineage specification. [89] Recently, a chromatin conformation capture carbon copy (5C) technique was developed to investigate long-range enhancerpromoter interactions. [90] Comparing 5C results with other genome studies within enhancer-promoter interacting regions in EDC,
H3K4me1 and H3K27ac were enriched and BRG1 were bound near these regions for proper epidermal-specific gene activation. [90] Unlike typical enhancers (TE), super-enhancers (SE) are clusters of closely associated enhancers that provide binding sites for transcription factors involved in cell fate choice or cell identity. [91] These large genomic clusters mediate their effect on proximal gene transcription indirectly, through facilitating the binding of specific sets of transcription factors. Therefore, SEs are considered an epigenetic entity, regulating cell-type-specific gene expression programmes.
In mouse ESCs, it has been shown that RNA polymerase II is highly enriched at SEs as compared to TEs, [92] which suggest differential distribution and binding affinity of SEs relative to TEs. Further studies demonstrated that SEs also play fundamental roles in maintaining cell identity of adult TSCs. In murine epidermis, global mapping of SEs and clustering of epicentres in HFSCs and progenitor cells showed that SEs undergo dynamic remodelling to facilitate lineage progression. [93] During SC progression to its progenitors, TEs can convert to SEs with increased progenitor-specific gene transcription levels, which suggest the importance of SE remodelling in lineage determination and progression. Importantly in HFSCs, SEs are specifically associated with HFSC-specific genes, whereas TE marked more than 90% of total genes. In addition, another study showed that more than 95% of the active promoters are differentially regulated during keratinocyte differentiation that is mainly governed by stage-specific enhancers and SEs. [94] This explains the functional role of SEs in maintaining cell-type-specific molecular identity during different stages of lineage progression and fate determination. This was further supported by a study in human keratinocytes, where transcription factor GRHL3 was shown to bind preferentially to SEs during keratinocyte differentiation. Conversely, GRHL3 also binds to promoters of migration inhibitor genes to suppress their gene expression during cell migration. [95] Since GRHL3 has dynamic interactions with both SEs and promoters, it would be interesting to discover other stemness transcription factors that regulate SEs and promoters. Altogether, SEs are significant during lineage specification to determine cell stage-specific transcription programmes. In addition, another study showed the role of pre-established and dynamic enhancer-promoter interactions during human keratinocyte differentiation. [96] However, the question remains how the SEs and
TEs are distributed across cell types derived from the same lineage.
Recently, Klein et al identified overlapping TE landscapes among various primary human cell types and showed highest overlap between human mammary epithelial cells (HMECs) and epidermal keratinocytes (NHEK). Notably, skin and mammary gland epithelium are both derived from the ectodermal lineage and they may share similar transcription profiles and functions. However, grouping the cell types based on SEs displayed less similarity than TEs, which indicated a unique role of SEs in cell identity as compared to the TEs. [97] Collectively, these data provide detailed functional evidence on how genomic organization regulates cell-specific transcriptional programmes.
| HIS TONE ME THYL ATION AND CHROMATIN DYNAMI C S IN ADULT HFSC QUIE SCEN CE
Global hypomethylation of H3K9/27me3 was associated with high genomic plasticity, or flexibility of cell fate acquisition, in G0 quiescent T cells [98] and in proliferative ESCs. [99] [100] [101] [102] These studies used functional assays to demonstrate that the ability of cells to differentiate to distinct cell types, or simply to exit their undifferentiated state, was dependent upon low levels of H3K9/27me3 methylation. This is likely because high levels of methylation create strong epigenetic identity patterns that lock cells in their undifferentiated state. Significantly, muscle SCs in vivo also showed lower levels of H3K9/27me3 in G0 quiescence, as compared with proliferation. [103] We recently uncovered global hypomethylation of H3K4/9/27me3 in the G0 quiescent HFSCs (and throughout the skin) at catagen by ChIP-Seq, [61] suggesting low epigenetic identity or high plasticity of cells at catagen (Figure 2 ). Plasticity of HFSC fate is defined as lack of commitment, or a flexibility with respect to a cell's subsequent fate to either self-renew in the bulge or differentiate to form the hair germ and then the matrix and the inner hair lineages. [104] [105] [106] [107] [108] [109] [110] [111] [112] [113] [114] [115] This plasticity is maximal in the HFSC at catagen when bulge cells are rearranged but are not yet decided whether they will return to the new bulge and become SCs again, or whether they will stay in the germ and differentiate. Hypomethylation can be thought of as a means to erase a cell's epigenetic memory at the appropriate stage, thus creating a "plastic" epigenome emptied of histone marks. Consequently, the SC is unlocked from its pattern that enforces the undifferentiated state, and thus has a higher propensity to adopt other fates (eg differentiate, self-renew or trans-differentiate) depending on subsequent tissue needs.
Interestingly, hypomethylation of bulge cells at catagen was accompanied by low levels of mRNA expression of HMTs: Ezh2 (H3K27me3), Suv39 h2 (H3K9me3) and Setd1b (H3K4me3). [61] Hypomethylation was not observed at telogen, as reported by a ChIP-Seq study from the Fuchs laboratory. [116] This agreed with our Western blots and immunofluorescence data at catagen and telogen, which showed that hypomethylation is overcome in HFSCs by the telogen stage. [61] Thus, these data point to catagen as a stage where HFSCs possess transiently low epigenetic identity and high cell fate plasticity. This is also consistent with our findings that at catagen, the transcription factor Runx1 induces old bulge-SCs into an early progenitor state that is reversible. [86, 87, 92, 94] Significantly, our data using chemical inhibitors of HDMs suggest that skin hypomethylation during quiescence was necessary for subsequent normal hair homeostasis. [61] The HFSCs are delayed in their activation and differentiation for prolonged periods of time, consistent with the notion that they are locked in the undifferentiated cell state. These results are pending confirmation in a genetic model that targets specifically the epithelial cells in the HF to raise the level of histone methylation. Surprisingly, we also found that H3K4/9/27me3 level changes at the transition into quiescence at catagen did not correlate with the mRNA level changes in the expected pattern. Aside from hypomethylation of distinct histone residues, another characteristic associated with genome plasticity to acquire different fates is "chromatin dynamics". [117] We define chromatin dynamics here as the exchange rate of chromatin-bound factors such as HP1, histone H1 and H2B. Rapid exchange of these factors is referred to as hyperdynamic chromatin and is thought to be required for plasticity of ESCs to differentiate. [100, 117, 118] Indeed, a histone H1 mutant with slow exchange on-off rates blocked ESC differentiation. [117] Interestingly, our laboratory showed quiescent HFSCs possess higher H2B-GFP exchange rate than proliferative HFSCs in live skin explants and in cell culture. [119] Furthermore, inducing the Yamanaka reprogramming factors in vivo was more efficient to push
HFSCs towards de-differentiation during catagen when compared with anagen. These data were consistent with increased plasticity of HFSCs at catagen. [119] It may be that the hypomethylated state of quiescent HFSCs may lead to higher chromatin exchange rates, which might lead to greater cellular plasticity ( Figure 2 ). Indeed, further research is required to examine the link between chromatin dynamics, the level of epigenetic marks, active transcription and cellular plasticity in quiescent adult SCs in vivo.
| EPI G ENE TI C REPROG R AMMING DURING INJ URY-INDUCED EPIDERMIS REG ENER ATI ON
Injury-induced skin regeneration is a multistep process that involves various cell types including epithelial, immune and dermal cells. [120] F I G U R E 2 Graphical representation of the chromatin structure in quiescent and activated hair follicle stem cells (HFSCs). Quiescent HFSCs have hypomethylated histones when compared with activated HFSCs and also have higher H2B-exchange rates. When HFSCs are activated, their chromatin gains trimethylation marks in H3K9 and K27 sites, and likely the chromatin becomes more compact. H3K4me3 is also gained, though at lower extent. Notably, quiescent HFSCs possess higher degree of cellular plasticity than that of activated HFSCs. These data from the hair follicle is in line with previous association of hypomethylation and high exchange rates with increased cellular plasticity in embryonic stem cells (ESCs.)
Here, we described our current knowledge about the role of epigenetic modifications in injury repair in adult skin.
| Histone methylation and acetylation during re-epithelization
Early studies with full-thickness punch wounds in mouse dorsal skin showed decreased H3K27me3 at the edge of the punch wound. [121] This was due to decreased expression of PRC2 complex genes and increased expression of H3K27me3 demethylases Utx and Jmjd3. [121] Using quantitative-ChIP experiments, wound-induced genes Myc and EGFR were found de-repressed by loss of H3K27me3
and EED occupancy. [121] These data correlated with PRC2 complex gene ablation studies where epidermal hyperproliferation was observed, which could explain how BL cells lose H3K27me3 marks during wound repair. [57] Also, Ezh1/2 double-knockout split-thickness engraftment demonstrated delayed re-epithelization from the HF after wounding, suggesting that knockout bulge-SCs have less reepithelization potential. [56] Later functional studies also showed delayed wound healing upon Jmjd3 (H3K27 demethylase) knockdown after topical application of siRNAs. [122] In vitro scratch assays of cultured keratinocyte revealed that JMJD3 interacts with NF-κB to demethylate H3K27me3 at the promoter of inflammatory, matrix metalloproteinase and growth factor genes. [122] Interestingly, basal cell migration to the wounds resembles malignant cancer formation, which occurs by epithelial-mesenchymal transition (EMT). [20] One of the well-known EMT regulators Slug/Snail2 was shown to be upregulated in the wounded skin. [123] [124] [125] As Snail is known to suppress E-cadherin, this suggests that epithelial cell migration towards the wound might be due to E-cadherin suppression via decreased PRC2 mediated Snail activation. [126] In addition, Snail is known to recruit other histone modifiers such as the methylase SUV39H1 (H3K9me3) and the demethylase KDM1a (H3K4me and H3K9me) in cancer. [123] Although histone acetylation is now well established to regulate gene expression during skin development and homeostasis, there is less information regarding its role during wound healing in the skin.
Previous studies found Hdac1/2 expression in human migrating wound epithelial tongue [127, 128] and also in normal and keloid scars. [129] Moreover, another group investigated the differential effects of different classes of HDAC chemical inhibitors during wound healing. [130, 131] .
Topical treatment of class I HDAC (HDAC1, 2 and 3) inhibitors on excisional wounds accelerates the wound healing process, whereas sirtinol, a class III HDAC (SIRTUINs) inhibitor showed the opposite effect. [130, 131] Collectively, these studies suggest an important role of histone acetylation, H3K27 trimethylation and potentially other kinds of histone methylation during the wound healing process, and point to these modifications as potential therapeutic targets.
| Change of cell fates during skin regeneration
During the punch wound healing, lineage-tracing experiments show that nearby HFSCs contribute to re-epithelization via migration and trans-differentiation to epidermis [132] [133] [134] [135] [136] (Figure 3) . However, the IFE-derived cells efficiently replace the HFSC progeny over several weeks. [132] Previous global histone methylation profile analysis suggests that the plasticity of HFSCs is associated with hypomethylation. [61] This could suggest that histone methylation levels and their modifiers might play a role in trans-differentiation during wound healing, in line with previously observed low levels of H3K27me3 at the wound edge. [121] Conversely, trans-differentiation of epidermal SCs to HFs has been proposed for de novo HF regeneration in severe skin wounding, [20] and it would be interesting to explore the role of histone methylation levels in this process. Altogether, the field is now ripe to ask some poignant mechanistic questions to augment skin and HF regeneration via modification of epigenetic mark levels.
| REG UL ATI ON OF EPI G ENE TI C MODIFIER S BY S IG NALLING MODUL ATOR S
The microenvironments of HFSCs produce gradients of BMP and WNT signalling molecules and play critical roles in SC activation, differentiation and hair homeostasis. [137] [138] [139] [140] It is interesting to examine how these pathways interface with various epigenetic modifications to coordinate tissue physiology. During hair cycle, Bmp expression decreases in the microenvironment while HFSCs are activated, whereas it increases in the inactivation phase. Biochemical studies of histone H3K4/9/27me3 [87] and of BMP levels [61, 137] in skin suggest an inverse correlation, opening up the possibility that BMP signalling might regulate the histone methylation levels in HFSCs. Recent in vitro studies of keratinocytes from our laboratory showed differential expression at mRNA level of HMTs and HDMs upon BMP4 addition, whereas injection of BMP inhibitor NOGGIN in skin at quiescence raised the level of methylation marks prior to F I G U R E 3 Schematic view of skin wound healing with epigenetic alterations. Upon skin wounding, basal layer cells loose H3K27me3 marks at the edge of the wound by decreased Ezh2 and increased Jmjd3 and Utx expression. They can contribute to de novo hair neogenesis in large wounds. Near the wound sites, hair follicles are also activated to enter the hair cycle and hair follicle stem cells (HFSCs) migrate up to the wound epidermis contributing to skin repair. The fate transitions between HFSCs and epidermal stem cells (SCs) occur possibly through trans-differentiation, a process that may be favoured by high cellular plasticity associated with reduced histone methylation proliferation. [61] Though these studies are suggestive, a definitive link between BMP and histone methylation awaits targeted deletion of the BMP pathway at the relevant stage and cell type in vivo.
Further, WNT signalling-related factor PYGO2, which was shown to regulate HF stem/progenitor cell activation, also promotes H3K4 trimethylation in mammary progenitors. [141] [142] [143] A recent in vitro study also showed differential expression of methylation-associated genes and chromatin remodelers upon non-cell autonomous WNT signalling. [144] Another recent in vivo functional study showed that ΔNp63 remodels open chromatin regions in Krt8 + progenitor cells during skin development by promoting WNT signalling. [145] Moreover, p38 signalling was shown to regulate histone acetylation, which results in serum response factor-gene activation in human epidermal SCs. [75] These data together suggest that chromatin remodelling is coordinated with dynamic microenvironmental signalling factors during different phases of tissue growth. Future work is needed to dissect the detailed mechanism of how these epigenetic factors crosstalk with the microenvironment to regulate stage-specific gene expression programmes during skin homeostasis and regeneration.
| CON CLUS IONS
Tissue regeneration therapy is a major endeavour in modern biology.
Its success depends upon our ability to control cell fate decisions of adult tissue SCs by modifying their genome plasticity and their crosstalk with the environment. Specialized epigenetic states throughout the genome and overall levels of covalent histone modifications (eg acetylation, methylation) appear to control SC fates in development, adult tissue homeostasis and injury repair. [99, 100, [146] [147] [148] [149] [150] [151] [152] [153] [154] Although not discussed here, epigenetic modifications are also important in many malignancies, and many small molecules targeting these modifications are currently in clinical trials for cancer treatment. [155] This provides an opportunity for future broader clinical implementation of epigenetic targeting drugs for wound healing and treatment of skin disease. Thus, manipulating levels of histone modifications in adult tissue SCs in vivo for possible control of tissue regeneration is an important and timely endeavour. [20] Furthermore, skin is a valuable model to study the behaviour of adult SCs. Over the past decade, a great deal of evidence has emerged suggesting that epigenetic regulation is tightly connected with skin development, homeostasis and wound regeneration. [61, 156] Essential chromatin modifiers were identified in the skin and showed to act in concert with signalling molecules from the environment to regulate skin cell behaviour.
Eventually, elucidating the mechanisms that integrate signals from the SC microenvironment with its intrinsic epigenetic controls will provide clues for future therapeutics in skin chronic wounds and diseases.
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